Abstract In epidemiologic studies, high-chronic arsenic exposure has been associated with cardiovascular disease, despite methodological limitations. At low-moderate arsenic levels, the evidence was inconclusive. Here, we update a previous systematic review ( Am J Epidemiol 2005;162:1037-49) examining the association between arsenic exposure and cardiovascular disease. Eighteen studies published since 2005 were combined with 13 studies from the previous review. We calculated pooled relative risks by comparing the highest versus the lowest exposure category across studies. For high exposure (arsenic in drinking water>50 μg/L), the pooled relative risks (95 % confidence interval) for cardiovascular disease, coronary heart disease, stroke, and peripheral arterial disease were 1.32 (95 % CI:1.05-1.67), 1.89 (95 % CI:1.33-2.69), 1.08 (95 % CI:0.98-1.19), and 2.17 (95 % CI:1.47-3.20), respectively. At low-moderate arsenic levels, the evidence was inconclusive. Our review strengthens the evidence for a causal association between highchronic arsenic exposure and clinical cardiovascular endpoints. Additional high quality studies are needed at lowmoderate arsenic levels.
Introduction
Inorganic arsenic is a naturally occurring toxic metalloid found primarily in drinking water and food [1] [2] [3] , with an estimated 100 million people worldwide exposed to arsenic at levels exceeding 50 μg/L [4, 5] . In epidemiologic studies, high-chronic arsenic exposure has been linked to cardiovascular disease (CVD), including coronary heart disease (CHD), stroke, and peripheral arterial disease (PAD) [6, 7] . In particular, arsenic has been established as a cause of blackfoot disease, a form of PAD endemic to areas of Taiwan with extremely high levels of arsenic in drinking water [4, 8, 9] . Experimentally, arsenic exposure can induce atherogenesis and endothelial dysfunction in animal models [10] [11] [12] [13] [14] [15] [16] [17] . Proposed mechanisms include up-regulation of inflammatory signals, enhanced oxidative stress, endothelial and smooth muscle cell proliferation, vessel remodeling, and apoptosis [10-12, 16, 17] .
In 2005, we summarized the existing evidence on the relationship between arsenic and CVD in a systematic review [6] . We concluded that the evidence supported a role for chronic high-dose arsenic exposure in CVD development, although the magnitude of the association was uncertain, due to study heterogeneity and methodological limitations of the available studies. Few studies had been performed at lower levels of exposure, and the cardiovascular effects of chronic low-dose exposure to arsenic could not be established.
The association of arsenic exposure and CVD is an area of increasing research interest, and several studies have been published since the publication of our systematic review. The purpose of this paper was to update our previous systematic review of arsenic and CVD, and to provide quantitative estimates of the pooled relative risks for CVD associated with arsenic exposure.
Methods

Search Strategy, Study Selection, and Data Abstraction
We searched MEDLINE for epidemiological studies investigating the association between arsenic and CVD with the following free text and Medical Subject Headings (MeSH): "arsenic", "arsenite", "arsenate", "arsenicals", "arsenic poisoning", "atherosclerosis", "carotid artery diseases", "coronary artery disease", "cardiovascular disease", "myocardial infarction", "stroke", "cerebrovascular disorders", "peripheral vascular diseases", "peripheral arterial disease", "blackfoot disease" and "mortality" (Online Resource 1). We included all studies assessing arsenic exposure either by environmental measures (e.g., water, air), biomarkers (e.g., urine, hair), or indirectly by residence in an arsenic-endemic area. We limited the search to clinical CVD, defined a priori as CHD (including myocardial infarction and ischemic heart disease), stroke (cerebrovascular disease, ischemic and hemorrhagic stroke), and PAD (lower-extremity peripheral arterial disease, diseases of the peripheral arteries, and blackfoot disease), as well as overall CVD. The search period was limited to May 1, 2005 until July 23, 2012 in order to capture articles not included in the previous systematic review [6] . The search had no language restrictions.
Two investigators (K.M. and A.N.A) reviewed all identified abstracts and excluded articles that met any of the following criteria (Online Resource 2): (a) No original research (i.e., reviews, editorials, non-research letters); (b) Non-human study; (c) Case report or case series; (d) No clinical cardiovascular outcomes (e.g., subclinical atherosclerosis); (e) No chronic arsenic exposure levels in general population settings (e.g., occupational exposure, acute arsenic poisoning, arsenic trioxide used as a chemotherapeutical agent, or lewisite). We further excluded two studies for which the date of exposure cessation was unclear [18, 19] , one study which reported arsenic as a percentage of total particulate composition but not arsenic concentrations [20] , one study in which case selection was not independent of exposure status [21] , and one study [22] that reported an analysis of CHD prevalence from subjects already included in the previous review, but with a smaller sample size than the previous reference [23] . One study [24] analyzed the same subjects as a study included in the previous review [25] , but presented a new analysis on a subset of subjects with urine arsenic measurements, and therefore was considered a new study for the purposes of this review. Any discrepancies were resolved by consensus. A native speaker reviewed the full-text of any non-English article that could not be included or excluded based on the initial abstract review. An additional manual review of the reference lists from key original research papers and review articles identified no additional studies. We assessed study quality according to the criteria adapted from Longnecker and colleagues [26] , consistent with the previous systematic review [6] .
Statistical Analysis
Available measures of association (e.g., odds ratios, prevalence ratios, hazard ratios, rate ratios, standardized mortality ratios) and their standard errors or 95 % confidence intervals (CI) were abstracted [8, 27, 28••, 29•, 30, 31•, 32•, 33] or derived [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] using the data reported in the publications [45] . Results presented separately for males and females were combined within each study. For studies with multiple exposure categories, we selected the comparison of the highest to the lowest exposure category. In two studies that reported only mean arsenic levels among cases and non-cases [35, 39, 40] , we used the linear discriminant function method [45] to estimate the odds ratios associated with a unit increase in arsenic exposure. For these two studies, and for one study that reported the odds ratio per unit change in arsenic [41] , we estimated the odds ratio associated with the difference between the 75th and the 25th percentiles of the arsenic distribution among non-cases, using the mean and standard deviation of arsenic levels reported in non-cases and assuming a standard normal distribution. For two studies that reported adjusted odds ratios and p-values but not 95 % confidence intervals, we calculated the 95 % confidence intervals from the adjusted p-values [36, 38] . For three cohort studies with external comparisons and multiple exposure categories, we estimated the within-cohort relative risks by comparing the standardized mortality ratios in high and low exposure groups [32•, 43, 44] .
For descriptive purposes, we estimated pooled relative risks for CVD, CHD, stroke, and PAD, combining the measures of association from all studies identified in our updated search (Table 1 ) and in the previous systematic review (eight studies from high arsenic areas in Taiwan and five studies from other countries-Online Resource 3) [6] . Pooled relative risk estimates were calculated assuming an inverse variance-weighted random effects model [46, 47] separately for populations exposed to high arsenic levels (mean arsenic in drinking water>50 μg/L) and for populations exposed to low to moderate levels (mean<50 μg/L). We evaluated heterogeneity between studies using the I 2 statistic, which describes the total variability across all studies due to heterogeneity [48] . For CHD, stroke, and PAD, we also evaluated dose-response trends for each study with three or more exposure categories. Two studies, one found in this updated review [42] and one in the original review [49] , could not be included in the pooled analyses because they did not report enough data to calculate confidence intervals. For studies that presented results for both urine and water arsenic, we used urine arsenic for the pooled analysis and dose-response analysis [8, 25, 28••] . Similarly, for a study that reported results for both urine and hair arsenic, we used urine arsenic [39, 40] .
We performed several sensitivity analyses, limiting the pooled analysis to cohort studies with internal comparisons, to cohort studies with external comparisons, to studies assessing arsenic exposure using levels in drinking water, and to studies assessing arsenic exposure using total arsenic levels in urine. Additionally, we tested for influential studies by omitting each study sequentially. Statistical analysis was performed with Stata software Version 12 (StataCorp, College Station, TX, USA) [50] and figures were created using the statistical package R (Version 2.13.1; R Foundation for Statistical Computing, Vienna, Austria) [51] .
Results
Study Characteristics
18 studies published since 2005 met the inclusion criteria (Table 1) . Twelve studies were conducted in high arsenic exposure areas of Taiwan (5), Bangladesh (3), Chile (1), Inner Mongolia (2) and Pakistan (1), and six studies were conducted in low to moderate arsenic exposure areas in the U.S. (3), Japan (1), Slovakia (1), and Spain (1). Of 12 cohort studies, six used internal comparisons [27, 28••, 29•, 30, 31•, 33] and six used external comparisons [32•, 34, 37, 42-44] . Of the cohort studies with internal comparisons, four were prospective [27, 28••, 29•, 33] and two were retrospective [30, 31•] . The remaining six studies used case control [35, 39, 40] or cross-sectional designs [24, 36, 38, 41] .
Most studies assessed arsenic exposure using indirect measures (e.g., living in high arsenic areas) [34, 37, 42, 44] or using environmental measures, such as arsenic in drinking water at the region/county/zip code/municipal/village level [24, 27, 31•, 32•, 36] , at the household/individual level [28••, 29•, 30, 33, 38, 41] , or in air [43] . Two of the studies measuring arsenic in drinking water calculated an arsenic exposure index accounting for duration of water consumption [24, 27] . Few studies measured biomarkers of arsenic exposure such as urine [24, 28••, 35, 40] or hair [39] .
The CVD outcomes and methods of ascertainment also varied across studies. The majority of studies used mortality endpoints [27, 28••, 29•, 30, 32•, 33, 34, 37, 42-44] , although several ascertained prevalent cases [24, 35, 36, 38, 41] , one study used hospitalizations [31•] , and one study identified incident cases [39, 40] . The studies with mortality endpoints used death certificates [27, 32•, 33, 34, 37, 42-44] , verbal autopsy and medical records [28••, 30] , and verbal autopsy [29•] . With respect to studies using prevalent endpoints, CHD was assessed by self-report [41] , PAD was assessed with standard clinical criteria [24, 36] or with unspecified methods [35] , and the only study assessing prevalent cases of CVD and stroke relied solely on selfreport [38] . The only study with incident cases of CHD used standard clinical criteria for case assessment [39, 40] .
Overall, most of the studies published since May 2005 did not fulfill important study quality criteria (Online Resource 4). Only nine studies measured arsenic at the individual or household level [24, 28••, 29•, 30, 33, 35, 38-41] and only four studies used objective diagnostic criteria [24, 31•, 36, 39, 40] . Only three studies, one for CHD [39, 40] and two for PAD [24, 36] , used standard diagnostic criteria. All but two studies [35, 42] collected information on cardiovascular risk factors in addition to age, and all but five studies [34, 35, 37, 42, 43] adjusted for other cardiovascular risk factors in addition to age and sex. With respect to case control and cross-sectional studies, all but one study [39, 40] were based on prevalent 
Studies in High Arsenic Exposure Areas
Arsenic was associated with CVD, CHD, and PAD in all studies conducted in high arsenic exposure areas, and it was associated with stroke in six of the seven studies (Table 1) . Combining the studies in Table 1 Fig. 1 , Online Resource 5). One study was particularly influential for stroke [37] ; after omitting it, the pooled relative risk for stroke was 1.12 (95 % CI: 1.04-1.22). The relative risk estimates ranged from 1.22 [37] to 6.62 [40] for CHD (Fig. 1) , from 0.89 [37] to 2.69 [57] for stroke (Online Resource 5), and from 1.03 [37] to 5.80 [36] for PAD (Online Resource 5).
Among nine studies (four in the updated search and five from the previous review) conducted in high arsenic exposure areas that reported three or more exposure categories, two of three found a consistent dose-response trend for CVD [29•, 30] (data not shown) and all four found a consistent dose-response trend for CHD [23, 28••, 56, 58] (Fig. 2) . For stroke, three of four studies in high exposure areas [30, 57, 58] found that risk of stroke increased with increasing arsenic levels (Fig. 2) . For PAD, two of three studies in high exposure areas found a dose-response trend [24, 55] (Fig. 2) .
Studies in Low to Moderate Arsenic Exposure Areas
Combining the studies conducted in low-moderate arsenic exposure areas in Table 1 Fig. 1 , Online Resource 5), with substantial between-study variability. The relative risk estimates ranged from 0.84 [62] to 1.54 [59] for CHD (Fig. 1) , from 0.69 [60] With respect to dose-response relationships, six studies (three in the updated search and three from the previous [24] ) or urine and hair arsenic (Afridi et al. 2010 [39] ; 2011 [40] ), only the urine result was used in the overall pooled relative risk d After removing an influential study, the estimated pooled relative risk for stroke was 1.12 (95 % CI: 1.04, 1. 22) e No studies examined for this exposure level, study design, and outcome review) reported three or more arsenic exposure categories in low-moderate exposure areas. One of three studies found that increasing chronic arsenic exposure was associated with increasing risk of CVD (data not shown) [32•] . For CHD, stroke and PAD, only one study of four [59] , one study of six [32•] and one study of two [62] , respectively, found a dose-response trend (Fig. 2) .
Discussion
High Arsenic Exposure
High-chronic exposure to inorganic arsenic from drinking water is a public health problem affecting multiple countries around the world [4, 5, 63] . The recommended safety standard for arsenic in drinking water by the World Health Organization (WHO), the US Environmental Protection Agency (EPA), and the European Union is 10 μg/L. In other countries, such as Bangladesh, the safety standard is 50 μg/L. Arsenic levels well above 50 μg/L affect many populations worldwide, especially in rural areas where groundwater is contaminated with naturally occurring arsenic or with improperly disposed chemicals. Inorganic arsenic is an established carcinogen [1, 3] that may also play a role in the development of respiratory diseases [64] , cardiometabolic diseases [65] [66] [67] , and developmental and reproductive abnormalities [65] .
As shown in this systematic review, studies from multiple countries in populations with different ethnic and sociodemographic backgrounds consistently found an association between high-chronic arsenic exposure and CVD. While in our 2005 systematic review evidence for high arsenic areas was limited to studies from Taiwan, in 2012 evidence was also available from Bangladesh, Chile, Inner Mongolia, and Pakistan. The pooled relative risk estimates comparing the highest to lowest arsenic exposure categories were at least moderate for CHD and PAD (1.89 and 2.17, respectively). After excluding an influential study, the pooled relative risk for stroke was also statistically significant, but still relatively modest.
While the evidence on the association of arsenic and CVD at high exposure levels is compelling, several limitations in the evidence base need to be considered. Most early studies did not adjust for key CVD risk factors, and could not establish the independent role of arsenic. Adjustment for CVD risk factors has substantially improved in recent studies, and most of them adjust for risk factors beyond age and sex. Although six studies adjusted for measures of socioeconomic status, income, or education [28••, 29•, 30, 38-40] , socioeconomic status and access to care remain potential confounding factors, given that contaminated water is more common in less affluent and underserved areas. Exposure assessment remains a major limitation. Since 2005, only nine studies measured arsenic at the individual or household level [24, 28••, 29•, 30, 33, 35, 38-41 ]. Lack of individual-level data may result in measurement error with underestimation of the true effect of arsenic. Environmental measures, however, may also be affected by ecologic biases and information biases that may under or overestimate the associations. Furthermore, assessment of CVD outcomes in most studies of arsenic in high exposure areas was also limited: CVD mortality was ascertained from death certificates or verbal autopsies in most studies. As a consequence, the burden of arsenic-induced CVD may have been substantially underestimated.
The consistency of the associations across different populations, the availability of prospective studies, the clear dose-response relationships, and the decrease in CVD mortality following arsenic reduction [18, 19, 37] all support that the association between high-dose arsenic exposure and CVD is causal. Experimental and mechanistic evidence, including enhanced oxidant signaling and vessel remodeling, provide additional support for a role of high-chronic arsenic exposure in CVD of atherosclerotic origin [10-12, 16, 17] . Overall, we conclude that current evidence is sufficient to infer a causal relationship between high-chronic arsenic exposure and CVD, although future studies with improved exposure and outcome assessment should provide a more complete picture of the burden of arsenic-induced CVD in high exposure areas.
Low and Moderate Arsenic Exposure
Less is known about arsenic-related health effects at arsenic levels in drinking water below the safety standards, which affect most populations worldwide. At those low-moderate arsenic levels in water, moreover, there are other relevant sources of inorganic arsenic including food and ambient air [2, 68] . Indeed, foods such as rice, grains and certain juices are increasingly recognized sources of arsenic for general populations [2, 69, 70] .
Some [31•, 32•, 41-44, 49, 62] , but not all [60, 61] , studies conducted at low-moderate arsenic levels supported an association with increasing CVD risk. The studies were conducted in diverse geographic areas, including Japan, Slovakia, Spain, Hungary, and the United States. All studies published since 2005 reported positive associations, although the magnitude of the associations was relatively modest in most studies, and the pooled relative risks were all small and not statistically significant.
Non-statistically significant associations between lowmoderate arsenic exposure and CVD outcomes should be interpreted within the context of the methodological limitations of the studies. Although eight cohort studies were available, only one had internal comparisons [60] . The other seven cohorts were ecological studies that allowed internal comparisons across high and low arsenic exposure categories [32•, 42-44, 49, 62] . Of the 11 studies with lowmoderate arsenic exposure, only six adjusted for CVD risk factors beyond age and sex [31•, 32•, 41, 44, 59] , and only three studies adjusted for income or education [31•, 32•, 41] . Regarding exposure assessment, only three studies measured arsenic exposure at the individual level (two studies used household drinking water arsenic [41, 59] and one used total urine arsenic without accounting for seafood arsenicals [61] ). Outcome assessment was also limited. Mortality was based on death certificates in all cohort studies, and one cohort study of stroke endpoints included stroke hospitalization data to confirm diagnosis [31•] . Prevalent cases of CVD were based on self-report [41, 59] , or the ascertainment method was not reported [61] . These limitations in exposure and outcome assessment may severely underestimate the association of low-moderate arsenic exposure with CVD outcomes.
Overall, we conclude that the evidence is insufficient to establish a causal relationship between low to moderate chronic arsenic exposure and clinical CVD. Given the high prevalence of low-moderate arsenic exposure from drinking water, food, and ambient air worldwide, prospective studies with high quality outcomes and arsenic assessment at the individual level are needed.
Occupational Studies
In addition to general populations, occupational studies can also provide useful evidence on the CVD effects of arsenic exposure. In 2005, we systematically reviewed the occupational evidence and concluded that methodological limitations precluded reaching conclusions in favor or against an association [6] . Since then, results from three cohorts of tin and copper workers exposed to inhaled arsenic and CVD mortality endpoints have been published [71] [72] [73] . All three studies found a consistently increased risk of stroke mortality among exposed workers compared to external reference populations, but results were inconsistent for CVD and CHD mortality [71] [72] [73] . The use of external comparisons, the healthy worker effect, uncertainties in exposure assessment and outcome assessment, and likely exposures to multiple toxicants limit the interpretability of these studies.
Other CVD Endpoints
In addition to clinical cardiovascular outcomes, chronic exposure to arsenic has also been associated with subclinical CVD markers and with CVD risk factors. In Southwestern Taiwan, cumulative arsenic exposure was associated with increased prevalence of carotid plaque and with increased intima media thickness [74] , and in a small study in Bangladesh, the adjusted odds ratios for carotid intima media thickness>0.75 mm were 2.1 (95 % CI 0.4-10.5) and 6.0 (95 % CI 0.5-80.7), comparing the highest to the lowest tertiles of well water and urine arsenic concentrations, respectively [75] .
Increasing evidence also supports that arsenic may play a role in the development of a number of traditional CVD risk factors, including diabetes [67, 76] and hypertension [66] , that could mediate at least in part the cardiovascular effects of arsenic. Arsenic exposure has also been related to markers of endothelial dysfunction and vascular inflammation. In Bangladesh, arsenic exposure was cross-sectionally and prospectively associated with plasma levels of soluble intercellular adhesion molecule-1 (sICAM-1) and soluble vascular adhesion molecule-1 (sVCAM-1) [77, 78] .
An important recent development is the identification of an increase in the electrocardiographic QT duration associated with environmental levels of arsenic [79, 80] . Prolongation of the QT interval predisposes to malignant ventricular arrhythmias and is a risk factor for sudden cardiac death [81] . The association between arsenic and QT interval duration has been identified in general population studies from Bangladesh, Taiwan, Inner Mongolia, and the U.S. [79, 80, 82, 83] . In Southwestern Taiwan, chronic exposure to arsenic was associated with QT duration in a dose-dependent manner [84] . Importantly, the association of arsenic exposure with QT duration has also been established in areas of low arsenic exposure. Indeed, in the Normative Aging Study, an interquartile range increase in toenail arsenic, a biomarker of longterm exposure to arsenic, was associated with a 3.8 millisecond increase in QT interval (95 % CI: 0.82-6.8) and a 2.5 millisecond increase in QTc (heart rate-corrected QT) interval (95 % CI: 0.11-4.9) [79] . No population study has evaluated the association of arsenic with the incidence of arrhythmias or with sudden cardiac death.
Emerging Research Questions
The evaluation of factors that influence individual susceptibility to arsenic-related CVD is an emerging research question. Arsenic methylation patterns [24, 85, 86] , genetic polymorphisms [41, [87] [88] [89] , and cigarette smoking [28••] could modify CVD risk in the presence of arsenic, but a systematic evaluation of these factors is needed. Differences by sex could also be important [90] , although the studies that have evaluated sex differences in arsenic-related CVD showed similar patterns in men and women [34, 37, 39, 40, 44, 49, 53, 58, 60, 62] .
Recently, epigenetic modifications have been proposed as potential mechanisms to explain health effects related to arsenic exposure [17, 91, 92] . High quality experimental and epidemiologic studies are needed to evaluate the contribution of arsenic exposure to epigenetic modifications such as DNA methylation and histone modifications and their potential mediation to CVD development.
Conclusions
This updated systematic review and meta-analysis strengthens the evidence for a causal association between high-chronic arsenic exposure and CVD, most clearly for CHD and PAD, and less strongly for stroke. At low-moderate arsenic levels, affecting most general populations, the evidence remains inconclusive due to methodological limitations of available studies. Given widespread low-to moderate arsenic exposure and the high burden of CVD worldwide, even a small risk is important. From a public health perspective, urgent measures are needed to protect millions of people worldwide from higharsenic levels in drinking water. Arsenic mitigation interventions could substantially contribute to reducing CVD burden [18, 19, 37] . At low-moderate arsenic levels, high quality prospective studies including individual-level exposure assessment and standardized CVD outcomes are needed to understand the role of arsenic as a CVD risk factor.
